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1.0 INTRODUCTION

To provide an environment in which the effects of infrared (IR)
radiation can be studied experimentally, as in several of the AEDC
space simulation chambers, the walls that enclose this environ-
ment as well as all components within it must be cryogenically
cooled, Of course this requirement is a direct result of the Stefan-
Boltzmann law -- blackbodies emit thermal radiation in proportion to
the fourth power of absolute temperature (Ref. 1). The only other
means of controlling the radiant emittance of a surface is to reduce
the emissivity, a technique that is quite limited. Elements within a
space chamber usually include a target which consists of various
optical components. Until recently the effects of cryogenically
cooling optical components were not well documented and available
data are generally for the effects of cryocooling reflection optics
(Ref. 2).

The objective of this research was to characterize the effects of
cryogenic temperatures and associated cryodeposit contamination on
the infrared spectral transmission by optical materials. Specific
goals were to obtain the IR transmittance of cryogenically cooled
optical components such as windows and interference filters and to
study the spectral transmission of these same components after being
contaminated with condensed gases. Such information is required
not only in the development of space simulation chambers but also in
the prediction and control of spacecraft contamination. Other useful
results include the optical properties of materials at very low temper-
atures and the degradation of special coatings (e. g., thermal control,
solar cell, etc.) attributable to cryodeposit contamination,

The investigation was performed in a cryogenic cell that had
been employed previously for ultrahigh-vacuum studies and there-
fore required only modest modifications. This research cell has
been designated the infrared optical transmission chamber (IROTC).

This report documents the development of the IROTC hardware
and the infrared transmission data for a cryogenically cooled ger-
manium (Ge) window both clean and with condensed gas contamination
in the form of thin solid films of ammonia (NHg), carbon dioxide
(CO9), carbon monoxide (CO), methane (CHy), and hydrogen chloride
(HC1). Spectra of 300 and 20°K polystyrene are also presented, The
data were recorded with two different spectrometers: a Perkin-Elmer
Model 99 double-pass prism monochromator and a Digilab FTS-14®

13
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Michelson interferometer. These two experimental arrangements
are discussed in Section 3,0, Most of the transmittance data were
obtained with the interferometer system which includes a dedicated
minicomputer for processing and displaying the spectra; the inter-
ferometer was configured to cover the spectral range from 400 to
3960 cm™! (25 to 2.5 um). In contrast, the data acquired with the
PE-99 system required manual reduction to obtain only low resolu-
tion spectra, Nevertheless, important transmission data were
obtained with each system. Other experiments performed in areas
closely related to the primary subject matter are described in
Appendices A, B, and C,

2.0 SCIENTIFIC OBJECTIVES

2.1 TRANSMISSION OF CRYOCOOLED WINDOWS

A review of the formalism for the transmission of electromag-
netic energy through a homogeneous plane parallel slab of dielectric
or conductive material is presented for completeness, for guide-
lines in design of hardware, and because published literature is often
inconsistent in the choice of nomenclature., The measurement made
in the IROTC was the ratio of energy emerging normal to the face of
a slab of material to the energy incident normally on the opposite face.
Figure 1 depicts schematically a conductive slab of material normally
illuminated and also the light rays involved in measuring the trans-
mission of the slab, The ratio of total emerging energy to total in-
cident energy is termed the ''total external transmittance'' or simply
the ''transmission' of the window. This quantity is distinguished from
the internal transmittance, which is defined as the ratio of the energy
reaching the back interface of the slab to the energy leaving the front
interface, The internal transmittance does not include the Fresnel
reflection losses and multiple internal reflections. In contrast, trans-
mission accounts for all such losses and reflections. For the general
case of a conductive material, or one having both real and imaginary
index of refraction components, the transmission can be analytically
derived by tracing an incident light ray through the slab while sum-
ming the Fresnel reflection and absorption losses which occur during
each multiple reflection, For a slab of thickness D the resulting
transmission is given by the expression (see Fig, 1.)
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T = T2e-a2D[1 N p2e-2a2D . p4 e—4a2D . p6 e-6a2D ] (1)

or
2 a2 (1 - p)? 2P
T - -
2 %a,D “2a,D (2)
1 - p? e lay 1o g2

where p is the Fresnel ""intensity' reflection at a refractive boundary
(see Fig. 2 for illustrations of pure Fresnel reflections for normal

incidence); 7 =1 - p; ag = 4_7%{.2_ where k2 is the absorption or the
imaginary part of the refractive index and thus does not include extinc-
tion in the form of scattering; and D is the absolute thickness of the
slab, In the case of germanium, for example, at a wavelength of

X =10.0 um, where

nz(real) = n, = 4.00 (Ref. 3) and ay = a, = 0 (3)

O @

and

2
T - (0.64) _

5 0.47058 (5)
1 — (0.36)

|

Equation (2) can be further simplified if the window is a dielectric or
kg =0 (@g =0) and p = [(ng - 1)/(ng + 1)]2. Substitution for p yields
the expression

(6)

and for ng = 4.00, T =0,47058,

Thus a germanium window has a transmission of 0,47 at 10 ym, or
more than half the incident energy is reflected. For Eqgs. (2) and
(6) to be realized experimentally it is evident that the slab must be
illuminated normally or not more than five degrees off normal, that
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scattering at interfaces and grain boundaries must be negligible, and
that no coherent phase relation can exist between multiple reflected
rays. If a coherent phase relation were maintained, the slab would
be treated analytically as a thin film where ngD < 2,5 A; thick and thin
films are discussed in Ref, 4. Later in this report an analytical
model for the transmission of a cryocooled window (thick film) having
a thin cryodeposit film on one side is presented. This model enables
one to obtain the complex refractive index, n = n - ik, of the cryo-
deposit from the transmission measurements of a contaminated
window.

The accuracy of a normal incidence transmission measurement
depends upon an accumulative error associated with such problem
areas as source stability, uniformity in radiant sensitivity of detector,
‘stray radiation, optical tolerance of sample, degree of monochroma-
ticity of transmitted beam, electronics and detector linearity. The
IROTC was designed for samples whose transmission is between 100
and 1 percent., (For transmission below 1 percent the apparatus be-
comes rather complex, See Refs. 5 and 6 for discussions of high
accuracy room temperature spectrophotometers,) This limited
dynamic range was acceptable because the added complexity of cryo-
genically cooled samples was the primary goal, Since, in some cases,
the problems associated with operation were different for the prism
and interferometer systems, they are discussed separately in Section
3.0 where the experimental apparatus is described. However, the
evaluation of transmission accuracy was not done by determining
the error of each subsystem but rather from comparing transmission
values taken in the IROTC of a sample of known transmission. An
uncoated germanium window was selected as a known sample for the
following reasons: (1) the transmission of germanium is well known
at 300°K and data were available for 80°K germanium from D, L,
Stierwalt, Naval Electronics Laboratory, San Diego, CA; (2) the
transmission of germanium is a constant 47 percent over most of
the wavelength range of the IROTC; and (3) germanium is a semi-
conductor of high refractive index and reasonable thermal conductiv-
ity, making it an ideal cryodeposit substrate. The resulting trans-
mission accuracy is given for the prism and interferometer systems
in Section 3.0,

2.2 OPTICAL CONSTANTS OF CONTAMINANTS

A second goal in the development of the IROTC was to devise a
means by which the IR optical constants of contaminants could be
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obtained experimentally, The optical constants referred to here are
the real refractive index, n, and the imaginary refractive index, Kk,
which are functions of wavelength and combined give the complex
refractive index, f = n - ik, The Lambertian absorption coefficient,
@, is related to k by the relation

a) - 477)\1(()\) . 7)

The requirement for optical properties of condensed gases, especi-
ally rocket exhaust plume species, is directly related to the need
to predict and control the contamination of cryogenically cooled
optics and thermal control surfaces on spacecraft, It should also
be noted that optical constants of condensed gases are needed for
preparation of upper atmospheric models of the Jovian planets.

If the optical constants of the contaminant are known, the effects of
contamination can be predicted. Since the IROTC was designed to
measure the transmission of cryocooled windows, it was a simple
matter to extend the capability to the transmission of cryocooled
windows with thin films of condensed gases of known thickness.

The optical properties of the substrate (germanium) were known,
and the optical constants of the contaminant were determined through
comparison with an analytical model, This second objective was
implemented by depositing NH3, CO2, CO, CHy, and HC1 at 20°K,
and in some cases 80°K, onto the germanium window to various
thicknesses and measuring the infrared transmission of the window
plus thin film. For 80 and 20°K solid NIg the optical constants
were extracted from the transmission data, Complete details of
the technique are provided in Section 5,0,

3.0 EXPERIMENTAL LAYOUT OF IROTC

3.1 CHAMBER LAYOUT

The IROTC was constructed by modifying a chamber previously
employed for ultrahigh-vacuum research. The chamber is an all-
stainless-steel cell 28 in, (71 cm) in diameter by 33-1/2 in.

(85 cm) in height. The centerline of the cell is 47 in, (119 cm)
above the floor, In order to make transmission measurements six
6-in, (15, 2-cm)-high vacuum CONFLAT® ports were added midway
on the cell as shown in Fig, 3. The two ports flanking the IR beam
entrance port in Fig, 3 are located at an angle of 23 deg from the
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centerline of the IR beam. A liquid nitrogen (LNg) liner within the cell
provides an efficient means of cryopumping residual water (H9O) and
COg9, thus preventing uncontrolled contamination of the 80°K IR win-
dow. The liner also provides a cold radiative background. With the
liner in the IROTC the work space is a cylindrical volume that is

23 in, (58.4 cm) in diameter by 22 in, (56 cm) in height. An oil
diffusion pump is used to pump the chamber to 10-7 torr, and when
the L N9 liner is activated the chamber pressure falls to a minimum of
10-8 torr, If 20°K gaseous helium (GHe) is used to cool the sample,
the sample holder (see Figs. 4 and 5) cryopumps to some extent and
reduces the chamber pressure even further to near 1 x 1079 torr.

To verify that condensed gases were not migrating from the LLNg
liner to the 20°K germanium substrate, a helium-neon laser beam
was reflected off the 20°K substrate, and the reflector energy was
monitored for several hours. No interference pattern was observed
in the reflected beam, as would be if the substrate cryopumped sig-
nificant deposits.

For contamination studies performed in the TIROTC, it is important
that the cell be ag clean as possible. The IROTC was therefore baked
out at 300°F for several days with the LLN9 liner warm in order to clean
the chamber walls., Further, the cryogenically cooled optical com-
ponent holder (see Fig, 4) was assembled in the AEDC-VKF class
10,000 clean room, The residual gas analyzer scan shown in Fig, 6
was taken just before IR transmission measurements were started,

It is clear that no oils in the heavy AMU range were present and only
the typical residual gases, HoO, CO, NH3, hydroxyl gas molecule
(OH), etc., were present. The bulk of the residual was H20 which is
pumped on the LLN9 liner when it is cooled., Using DC 705 diffusion
pump oil and a Mexican cold cap in the diffusion pump were key
factors minimizing backstreaming, In fact, the IROTC is a very clean
vacuum chamber and quite adequate for cryodeposit contamination
research,

As noted in Section 2.1, two germanium windows, purchased
from a commercial manufacturer, served as test IR windows,
Specifications for the germanium windows are listed below:
Dimensions: 70 mm x 70 mm x 4 mm
Material: intrinsic germanium, specific resistivity > 40 ohm-cm

Surface Figure: 1/4 wave of Hg; 5,461 A
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Surface Quality: 40-20 (scratch-dig)
Wedge: + 5 arc minutes
Coating: None

Aperture: 80% of full dimension

Upon delivery the germanium windows were checked for surface
figure and thickness tolerance. They could not be accurately checked
for wedge tolerance or resistivity. The result of the surface figure
test is shown in Fig. 7 for the best window delivered. The second
window was almost too poor in quality to be useful, The fringes seen
in Fig. 7 are fringes of equal thickness or Fizeau fringes formed by
placing the germanium window on a standard master flat (x/100) and
illuminating it with monochromatic light. If the germanium window
were perfectly flat, a dark (or light) fringe would run straight across
the window and all fringes would be parallel., One side of the german-
ium window, Fig. 7a, was clearly of good quality, so it was employed
as the cryodeposit substrate. On the reverse side the central portion
of the window was reasonably flat, The thickness was measured, and
the results are noted in Fig, 7b. If the thickest value and thinnest
value are used to compute a worst-case wedge value, the result is
approximately 20 arc sec, a value well within the specification. The
value of specific resistivity, an indicator of purity, could not be
checked. However, if some impurities, usually carbon, were present
in the germanium, they would have been detected in the form of long
wavelength absorption bands when the window was cooled to 20°K
(Ref. 7). No such absorptions were found in the IR spectrum of the
20°K germanium window.

The system employed to deposit various gases onto the cryocooled
germanium window is shown schematically in Fig, 8. The baffle on
the back side of the window holder that extends from the rear CONFLAT
prevents gas from cryodepositing on the backside of the germanium
window. The flow rate is controlled by an MKS Baratron®pressure
readout. In most cases the inlet pressure was kept below 500 milli-
torr (mtorr) which resulted in a chamber background pressure of
not more than 1 x 106 torr, as measured by an ionization gage
located on the lid of the IROTC. An ideal cryodeposit formation exhibits
uniform thickness and clarity; that is, it does not have a cloudy or
polycrystalline appearance when observed in visible light, There are
several deposition factors that affect the structure of the thin film of
condensed gas, Some are more fully understood than others, and
each new experiment with thin film cryodeposits leaves some unex-
plained observations., With the arrangement shown in Fig, 8 a thin
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film deposit could be formed successfully with all the gases and condi-
tions employed except 80°K COg9 which always exhibited a cloudy appear-
ance, Results for each gas are discussed in Section 4.0; however, it

is noted that the gas deposition arrangement of the IROTC is somewhere
between a completely diffuse deposition (Ref. 8) and a molecular-beam-
type deposition (Ref, 2), and that it is best described as multiple free-
jet expansions into a vacuum.

One of the important parameters required to obtain the optical
constants of a thin film cryodeposit is the absolute thickness of the
cryodeposit, The technique used here to measure cryodeposit thick-
ness is one that is becoming quite popular because of its simplicity.

At least two monochromatic collimated light beams (usually a He-Ne
laser is used) are reflected off the cryodeposit substrate and the reflect-
ed energy is monitored with a photodetector. As the gas is deposited
onto the substrate, a thin film interference pattern is observed for each
beam with the periodicity depending on the angle of incidence. Pro-
vided the two angles of incidence are known to an accuracy of 0. 25 deg
or better, and the mass deposition rate is a constant, a real refractive
index value for the cryodeposit can be computed from the expression

2 2 .2 %

. [sin Vg = % sin vl] (8)

. 1 - ,82
where 8 = Atl/Atz and the Ati's are the periods of the two interference
patterns, and vy and vy are the angles of incidence. Equation (8) is
also valid for a conductive substrate; therefore this technique can be
used for metal as well as dielectric substrates. In the IROTC it was
not feasible to measure vqi and vg to an accuracy of 0. 25 deg; there-
fore, a calibration was performed using H9O and COg deposits at
80°K. The known values of n for H9O and COg at the 0, 6328-um
He-Ne laser line were those of Ref. 8 and those provided by W,
Viehman, NASA Goddard Space Flight Center, Greenbelt, MD, This
same laser interference scheme was also used in Ref, 2 for determin-
ing the refractive indices of H9O, CO2, NH3, N2, and O2. Table 1
is a summary of indices for solid gases at 0.6328 ym, taken from
Refs. 2 and 8, Mr. Viehman, and this work. Since one angle vj in the
IROTC arrangement is near zero, vi = 2 deg, errors in v] do not
affect Eq. (3) significantly. The value of v9 can then be determined
from Eq. (8) by measuring 3, vi, and using the indices from Ref. 8
and Mr. Viehman for COg and H20O. The value of vy was determined
by this means to be 18°51", For 80°K solid NHg, the result was
n=1,42 4+ 0,02 for data taken in the IROTC. This value compares
favorably with the value of n = 1,415+ 0,005 for 195°K solid NHg
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at the sodium-D line (0, 5892 ym), Ref. 9, since the dispersion of
solid N§3 is probably very small over a range of visible wavelengths
of 400 A,

In addition to the deposition system just described, an additional
contaminant introduction system was designed that allows samples,
paint for example, to be placed inside the IROTC and all outgassed
constituents to be directed toward the cryocooled IR substrate. The
samples can be heated if necessary. This second contamination sub-
cell, shown in Figs, 9a and b, requires the cryocooled window to be
rotated 90 deg so that essentially all contaminants emanating from
the contamination subcell are captured by the cryocooled window.
After a certain outgassing period the cryocooled window is rotated
back into the IR beam, and an IR spectral scan is recorded,

Finally, there is one additional feature on the IROTC that warrants
documentation even though it has not been employed to date, A 75-keV
electron gun was fabricated (Fig, 10) with the intention of recording
electron diffraction patterns of cryodeposits. In general, gases
deposited on a substrate of temperature 20°K or below will form an
amorphous solid; that is, no polycrystalline structure can be identi-
fied within the deposit. If the 20°K deposit is allowed to warm slightly
or is annealed at an elevated temperature, it will often undergo a phase
transition., The new phase is usually polycrystalline, cubic or hexa-
gonal structured in most cases, and can therefore exhibit highly differ-
ent radiometric characteristics than that of an amorphous solid.
T'urther, the transition temperature for various condensed gases is
different for each gas, and for some, such as COg, the phases are
not categorized to a satisfying degree.

Electron diffraction patterns from condensed gases, deposited
under various kinetic and geometric conditions, is but one technique
that can be utilized to pinpoint phase transition temperatures. It is
for this purpose that the electron gun on the IROTC wag fabricated;
however, it could also conceivably be used to ionize and/or dis-
sociate the gases immediately before their deposition or to bombard
cryodeposits with energetic electrons and thereby study the phenome-
non of metamorphosis. These are just a few of the areas that can be
investigated now that the IROTC hardware is completed,

3.2 PRISM SYSTEM: PE-99

The basic components of the PIi-99 system are shown in Fig, 3.
In this system a collimated quasi-monochromatic beam is directed
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through the cryocooled infrared window and subsequently collected and
imaged onto a TGS pyroelectric detector. The quasi-monochromatic
beam is generated as follows, Radiation emitted by a 1,300°F stain-
less steel blackbody (L/R = 10; effective emissivity =0, 984) is imaged
by a potassium bromide (KBr) lens onto the entrance slit of the Perkin-
Elmer Model 99 prism monochromator. The Model 99 employs a
double-pass optical scheme in order to reduce scattered light for wave-
lengths beyond 10 um, and a KBr prism as a dispersive element.
Figures 1la and b show the wavelength versus drum number calibra-
tion curve and the spectral resolution versus slit width curve, respec-
tively, for a KBr prism.

The radiation leaving the monochromator is chopped at 13 Hz and
collimated by an off-axis f/3.3 parabolic mirror. The exit slit height
of the Model 99 is stopped down such that the resulting size of the
collimated beam at the germanium window is a 0.75- by 1. 5-in. rec-
tangle which underfills the clear 2-in, -diam aperture of the window,
The collection optics are an /3,3 parabolic mirror, exactly the same
as the collimating mirror, and a six-to-one off-axis ellipsoidal mirror.
The image of the Model 99 exit slit is focused onto the 1- by 2-mm
TGS element of the pyroelectric infrared detector, D* = 4,05 x 108
cm (Hz)l-/2 w1, The analog signal from the pyroelectric detector is
amplified by a PAR® Model 113 pre-amplifier and processed by a PAR
Model 120 lock-in amplifier., The 0- to 10-v output of the PAR 120 is
recorded on a Honeywell Electronic 19 strip-chart recorder. A typical
procedure for recording transmission spectra is as follows: the Model
99 slits and PAR 120 amplifier gain are adjusted until an increment of
the wavelength range could be covered by scanning the Model 99 without
saturating the amplifier, The background spectrum, I,, is recorded;
then the germanium window is rotated into the IR beam, and the trans-
mitted spectrum, I;, recorded. The slits and amplifier gain are re-
adjusted and the basic sequence repeated until the 1, 5- to 20-um wave-
length range is covered, The signal-to-noise (S/N) ratio is 200:1 for
wavelengths near the blackbody radiation peak but decreases mono-
tonically to values as low as 20:1 for the long wavelengths, After a
complete scan in wavelength is recorded, the It/IO ratio is hand com-
puted for every ten drum numbers and the drum numbers coverted to
wavelength, -The I;/I ()) values are plotted to obtain a transmission
versus wavelength plot.

Alignment of the germanium window normal to the IR beam is
very important since the high refractive index of germanium would
cause a lateral displacement of the final slit image on the pyroelectric
detector if the window were tilted relative to the IR beam. Normal
alignment is accomplished by sending visible light out of the PE-99
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and autocollimating off the germanium window, When the reflected
image of the exit slit is observed to pass directly back into the exit
slit, the germanium window is exactly normal to the beam.

3.3 INTERFEROMETER SYSTEM: DIGILAB FTS-14

The Digilab FTS-14 Fourier Transform Spectrometer, shown in
Figs, 12 and 13, is a modern spectrophotometer based on a Michel-
son interferometer and an online NOVA minicomputer for controlling
the Michelson scanning mirror and performing the digital Fourier
transform necessary to obtain spectra from interferograms, The
nominal spectral resolution of the instrument can be chosen from
discrete values between 0,5 and 16 cmL, By choice of beamsplitter
and detector, the interferometer can be set up to cover different
spectral regions. In this application the beamsplitter was german-
ium on a KBr substrate, and the detector was a TGS pyroelectric
providing good response over the broad spectral range of ¢ = 400 to
3,950 cm-1 (2,5 to 25 um). The interferometer control, data col-
lection, and display are determined by values assigned to a parameter
list via a teletype interfaced with the minicomputer. These param-
eters specify the type of plot routine desired, resolution requested,
number of scans to be co-added, etc.; for example, a typical set of
parameters and commands for data presented in Section 4.0 is as
follows:

Parameters

NSS = 64 number of interferograms co-added = 64
RIS = 2 spectral resolution = 2 cm-1

PLM =T plot mode = transmission

STP = 450 start plot at 450 cm~-1

ENP = 3700 end plot at 3,700 cm-1

Commands

COL collect interferograms

CMP compute spectrum

STO store spectrum

SCN collect, compute and plot spectrum

There are some 36 parameters that can be varied, but the ones listed
above are most frequently changed, The interferometer was fitted
with a dry nitrogen purge cover, as was the infrared source, but a
25-cm path in air remained for the IR beam. Because of this un-
purged path the HyO and COg absorption bands were very prominent
as in Fig, 14, and on some occasions the bands did not divide out
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completely in the transmission spectrum. This effect is easily identi-
fied in the spectra and the regions can be avoided in the data reduction,

There is one major shortcoming of the optical arrangement shown
in Fig. 12, namely the interferometer received unmodulated radiation
from the IROTC, The photometric accuracy of the interferometer was
+1 percent for conditions of a warm (300°K) sample and LNg liner;
however, when the liner and sample were cryogenically cooled the long
wavelength transmission of the germanium window appeard lower than
it should because of a long wavelength infrared emission component in
the background spectrum that was not present in the sample spectrum,
The reason for this is that the field of view of the interferometer,
approximately 3 deg, was such that the sample holder was being
viewed; therefore, in the sample spectrum the interferometer saw
radiation from the source and the 20°K sample holder, but in the back-
ground spectrum it saw the source and a portion of the 300°K chamber
wall, This situation was corrected by placing a 1, 5-in, ~diam stop in
front of the 20°K sample such that the interferometer viewed the same
background whether the sample was in or out of the measurement
position, Such an arrangement worked well for the 20°K polystyrene
data (Section 4. 2); however, the aperture ahead of the sample holder
disturbed the uniform flow field of the gas addition system. For the
cryodeposit data discussed in Section 4,3 the background emission
problem was not corrected, and therefore a correction was applied
to the transmission of 20 and 80°K germanium as measured by the
interferometer, The obvious solution to the background emission
problem, when time permits, is to interchange the source and detect-
or locations so the background radiation is not modulated. A further
advantage of this rearrangement is a considerable reduction in total
power passing through the cryocooled sample at any instant and thus
a lower heat load on the sample and/or cryodeposit.

4.0 RESULTS AND DISCUSSION

4.1 TRANSMISSION OF GERMANIUM AT 300, 200, 80, AND 20°K

Initial checkout of the IROTC was accomplished by measuring the
transmission of a germanium window at temperatures of 300, 200, 80,
and 20°K, These temperatures were obtained by gaseous helium (GHe)
for 20°K cooling, by LNg for 80°K cooling, and by cooling the IROTC
liner only and allowing thermal equilibrium to be established overnight
between sample and liner for 200°K cooling, Transmission measure-
ments by the Model 99 system of germanium at these temperatures are
presented in Fig, 15,
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The difference between the 20 and 80°K transmission data was with-
in the error bars; therefore, the two cases are not distinguishable,
Table 2 is a list of the Model 99 germanium transmission values as a
function of temperature and wavelength (or wavenumber, o).

It is evident from Fig. 15 that the germanium absorption coef-
ficient is definitely temperature sensitive. The cuton wavelength
shifted from 2,0 um for the 300°K germanium to 1,7 um for the 80°K
germanium. Germanium is often employed as a cuton filter mate-~
rial, and this shift in cuton wavelength with temperature is relevant
in this respect. For wavelengths beyond 10 um, germanium lattice
vibrations cause IR absorption structure which is again temperature
sensitive, In fact, germanium transmits nearly fifteen percent more
energy, for some long wavelengths, when cooled to 80°K because of
the lower vibrational intensity of the crystal lattice structure at the
lower temperatures. In addition to a change in absorption strength
with cooling, there is also a wavenumber shift in the absorption band
centers, For example, the band center frequency for the 660-cm-1
band shifted as much as 10 ecm~1, or 0,20 um, toward the shorter
wavelengths, Finally, it should be noted that the germanium trans-
mission is about one percent higher for the 2- to 10-um range after
cooling to 80°K. This effect is attributable to the decrease in real
refractive index of the germanium, ng, with cryocooling and hence
a decrease in the Fresnel reflection loss. The changes of ng are
very small and difficult to quantitize from the transmission data;
therefore, a more sengitive technique is warranted,

One technique for measuring Ang,/At using a COq laser was
employed during the course of the project and is fully described in
Appendix A, Results were

An
L = 3.0 x 1074°g!
Average (9)
100 -» 300°K
for A =10.6 um. Therefore, for At = -220°K, Ang = -0,066 or
ng = 3.934,

The resulting transmission is given by

2n

~

T = 47.8 percent (10)

n? + 1

a value well in line with the prism 99 and also the interferometer
transmission data,
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In Section 5.0 a model is discussed that allows computation of
the complex refractive index (n, k) of a thin solid gas film on the
80°K germanium window. The model requires knowledge of the
refractive index of the germanium substrate, film thickness, and
transmission.of the film plus substrate. For 80°K (and 20°K)
germanium the optical constant ''kg(X)" can be extracted from the
data in Fig. 15 combined with a graphical solution of Eq. (2),
Section 2.1, The real refractive index, "ng())'" is also required
and the dispersion relation of Ref, 3 has been employed. The
dispersion of germanium past 13 um has been taken to be zero;
therefore, n, = constant (based on the results of Ref, 10). Fur-
thermore, the value of p employed in Eq., (2) is based on a real
refractive index since o, < 3.0 cm~! for germanium and there-
fore kgz 0.0005, whichis much less than n = 4,00, A plot of
transmission versus a,, where o, = 47k_()1)/X is shown in Fig. 186,
for window thicknesses employed in this work and that by Stierwalt,
Naval Electronics Lab Center, and Randall and Rawcliffe (Ref. 10),
so that for any given transmission, a value of o, can be read from
the plot, Using this procedure the k() values for 80°K germanium
were determined and are listed for every 10 cm~1 in Table 3 for
the ¢ = 1,000- to 500-cm~1 range where o(em-1) = 104/k(um).
Since the kg(A) is a characteristic of the bulk material, the values
listed in Table 3 can be used for any window thickness and a trans-
mission value computed from Eq. (2). This was done to check the
k(1) values of this study against the transmission measurement of
Sfierwalt. For all wavelengths selected, the T(X) computed, using
kg(x) from Table 3, were within 2, 0 percent of the T(X) values of
Stierwalt. Thus the errors in the kg(A) values are not more than
+5 percent.

After the transmission measurements of germanium were made
as a function of temperature and the radiometric accuracy of the
IROTC measurements was established, the next investigation con-
ducted with the Model 99 system was to record spectra of a thin
solid gas film deposited on the cryogenically cooled germanium
window. The required data are the transmission spectra for
various film thicknesses, and many different thicknesses are desir-
able. Attempts to record large numbers of spectra for a number of
different gases of interest proved to be a formidable task and at
this point inquiries were made to Wright-Patterson AFB, Ohio,
concerning the Digilab FTS-14. During the interim, the Model 99
system was best employed by holding the wavelength fixed and
recording transmission during the deposition of a particular gas.
Conceptually this could be done for any number of wavelengths in
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the 2- to 20-um range. The results of such a measurement for NHj
on 80°K germanium at selected wavelengths is shown in Figs, 17a
through f. These NH3 data are useful because they can be compared
with similar type data taken with interferometer,

After the interferometer was arranged as discussed in Section
3.3, spectral transmission scans of the bare germanium were made
at 300 and 80°K, The 300°K transmission data are in excellent agree-
ment with the Model 99 data (see Fig. 18); however, there was an
emission problem when the 80°K data were taken (see Fig. 19), as
outlined in Section 3.3. A percentage correction factor, C(g), to
the interferometer data was deduced by comparison to the Model 99
data (see Figs, 19 and 20). The C(co) values are listed in Table 3
and were used to adjust the interferometer absolute values of trans-
mission in the 1,000- to 500-cm™1 range, i.e,,

Clo) = TModel 99(0) - Tinterferometer(a) (11)

A summary of 300 and 80°K germanium transmission data recorded
during the project for wavenumbers 500 to 1,000 em1 is given in
Fig. 21 as are the data of Stierwalt.

4.2 TRANSMISSION OF POLYSTYRENE AT 20°K

Before recording IR spectra of condensed gases with the inter-
ferometer, measurements of the IR spectrum of 20°K polystyrene
were made, Polystyrene (CgHg),, has been extensively employed
as an accepted IR wavelength calibrator since the publication by
E. K. Plyler, et al. of Refs. 11 and 12 on the subject of wavelength
calibration of infrared prism spectrometers. This material is easgily
manufactured in thin uniform films and also exhibits excellent tem-
poral stability, A more recent review of polystyrene as an infrared
wavelength calibration standard is contained in Ref. 13; however,
no information on the temperature sensitivity of the location of the
standard absorption bands can be found., Recently the need to employ
polystyrene at 20°K has arisen in the AEDC 7V Aerospace Chamber,
In connection with this need a study was conducted to determine if
the standard bands of polystyrene shift when it is cooled to 20°K,

In order to measure the transmission of the 0.050-mm-thick

polystyrene at 20°K the thin film was sandwiched between two salt
(NaCl) windows 4 mm thick and then subsequently mounted into the
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cryogenically cooled window holder. This ensured that the thin poly-
styrene film would be conductively cooled to near 20°K, The tem-
perature of the polystyrene itself could not be measured directly,
only the temperature of the aluminum holder was measured; however,
calculations showed that for a cooling arrangement like the one
employed (for a vacuum environment) the window temperature at its
center is not more than 10°K above the temperature of the actively
cooled aluminum holder. There is some disadvantage of such an
NaCl-polystyrene-NaCl sandwich, The NaCl cuts off in the 600-
(16.7-pm) to 500-cm=1 (20-um) range and no doubt increases in
transmission when cooled to 20°K (see Ref. 14 for examples of
transmission of cryocooled materials). The long wavelength cutoff
is of little importance since the last standard absorption band occurs
at 906,91 (11,027 ym). The increased transmission of NaCl at
20°K does not allow the absolute change in transmission of the poly-
styrene with cryocooling to be observed; however, it was concluded
that the assurance of a cold specimen wags of top priority; hence the
NaCl sandwich was employed, The polystyrene sample employed
was ordered from Beckman, as was the sample employed in Chamber
7V. Unfortunately, no purity specifications are available., The
sample was measured to be 0,050 mm thick,

The transmission of polystyrene was measured for temperatures
of 300, 200, 100, and 20°K, The 300 and 20°K results are sufficient
to draw conclusions from and are therefore the only spectra presented.
Following the 300°K measurements the polystyrene was slowly cooled,
one degree Kelvin per minute for 300 to 200°K, then three degrees
Kelvin per minute for 200 to 20°K, The cooling rate was slow since
the salt windows are sensitive to thermal shock. The polystyrene was
left at 20°K for at least thirty minutes before transmission scans were
made. The complete transmission spectrum of 300 and 20°K polysty-
rene from 3,700 cm~1 (2,7 um) to 500 cm~1 (20 um) is shown in Figs.
22 and 23, respectively. The spectral resolution of all transmission
data was 1.0 em~1. For the polystyrene calibration bands located at’
3027.9 cm~! (3.303 um), 2851.5 cm™! (3.507 um), 1944.5 cm™!
(5.143 um), 1601.8 cm=-1 (6,243 ym), 1154.6 cm~1 (8,661 um),
1028.3 em~! (9,725 um), and 906.9 cm~1 (11,027 um), the trans-
mission measurements were plotted in an expanded abscissa scale
of 25 cm~! per inch. Figures 24a through d are results of 300°K
polystyrene transmission for 2,800 to 3,200 ecm=~1, 1,900 to 2,000
cm'l, 1,550 to 1,650 cm‘l, and 900 to 1, 200 cm~! wavenumber
regions, respectively., Each figure has the band center wavenumber
indicated., For 20°K polystyrene similar plots are shown in Figs.
25a through d. Table 4 is a summary of the calibration wavenumbers
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for (1) a 300°K polystyrene sample taken from a Beckman wavelength
calibrator card, (2) the 300°K results of Ref. 12, (3) the 300°K results
of this study, and (4) the 20°K results of this study.

In this study band centers were obtained simply by inspection of
the spectral plots. Through close examination of Figs. 24 and 25
it is evident that these plots can be read with an uncertainty of about
0.5 cm~l, For some bands further uncertainty is introduced by
noisy minima or by total absorption in the band center. Although
the interferometer is capable of a wavenumber accuracy of at least
0.025 cm'l, more elaborate techniques to locate the band centers
were not warranted in this case,

Again, the primary objective of the study was to search for
shifts caused by cryocooling to 20°K; thus even if a systematic error
in absolute wavenumber exists, any shifts upon cooling the polysty-
rene can readily be detected. From the results listed in Table 4 it
is evident that the wavenumbers for the standard calibration bands of
20°K polystyrene did not shift in wavenumber more than 1 em~1 as
compared to those of 300°K polystyrene. This upper limit can easily
be converted to an incremental wavelength at any desired wavelength
by reference to Fig. 26.

One readily observed characteristic in the 20°K polystyrene
spectrum that is different from the 300°K polystyrene spectrum is
the increased transmission in the 500- (20-um) to 900-cm~-1
(11, 1-gm) range. This is without doubt caused by the increased
transmission of the NaCl used in the sandwich arrangement and
should not be totally associated with the polystyrene., However,
even if the increase in the NaCl transmission is taken into account
an increase in the depth and sharpness of the polystyrene absorp-
tion bands is noted in some instances. This effect is quite char-
acteristic of cryocooling solid materials,

Finally, there are two absorption features located at 590
(16.95 um) and 630 cm~! (15,97 um) that are unexplained, They
could be a result of cryocontamination; however, no accompanying
near-infrared absorption has been noted; thus it is equally plausible
they are associated with the polystyrene.
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4.3 IR SPECTRA OF SOLID NHj3, CO,, CO, CHs, AND HC1
THIN FILMS ON 20 AND 80°K GERMANIUM WINDOWS

The spectra will be presented by first describing general conditions
that apply to all the gases studied and then each gas will be discussed
individually. Table 1 gives values of substrate temperature, refractive
index values of solid gases at 0.6328 um, growth rates employed in
um/min, upstream inlet pressure of gas, background pressure in
IROTC, equilibrium vapor pressure, and purity grade of the gases
studied. Table 5 serves as a table of contents giving the figure number
and corresponding film thickness for each spectrum

All of the gases were deposited from a 300°K reservoir as described
in Section 3.1 and shown in Fig. 8. Since deposition of a gas onto a
cryocooled surface is-a condensation phenomenon, the governing param-
eler is the equilibrium vapor pressure for each gag at the temperature
of the substrate. The equilibrium vapor pressure is of such importance
that standard curves (Ref. 16) for those gases studied herein have been
reproduced in Fig. 27. The curves are often divided into an "L N9
range'' and an ''LHg range'' since equilibrium vapor pressure for some
gases is rather high, 10 -1 or 1 torr, at 77°K (LNg) and cannot be
deposited "in vacuum'' for this reason, In this study NH3 and CO9 can
be readily deposited at 77°K, or actually 80°K for the IROTC, but 20°K
cooling is required for CO, CHy, and HC1., The equilibrium vapor
pressure must not be confused with the deposition background pressure
which can assume almost any value since deposition is a nonequilibrium
condition. The values of background pressure in the immediate vicinity
of the germanium window could not be measured and are not easily
computed since the effect of the LN9 liner geometry on the flow field
inside the IROTC during deposition is unknown. The values of back-
. ground pressure recorded by the ionization gage and given in Table 1
are only indicative of conditions within the IROTC since this pressure
readout can be highly affected by noncondensable impurities in the ‘
primary gas. The ionization gage readout was most useful in observ-
ing the IROTC background pressure after the flow was shut off, In
summary, all that is well known is the inlet pressure on the upstream
side of the free-jet expansions and the final background pressure,
typically 1 x 10-8 torr, after the flow was shut off, Fven with these
shortcomings, the gas addition system as shown in Fig. 8 worked
well in that thin uniform films of solid gas could be deposited on the
germanium window at a well-controlled rate, The growth rate upper
limit was set only by the increased background pressure associated
with a rapid growth rate and the high heat load on the germanium
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window caused by the latent heat of condensation. There is no lower
limit restriction other than time. In this study the linear growth
rate ranged from 1.3 to 4.1 um/min,

A typical sequence of thin-film growth and recording of IR spectra
is as follows:

1, Pumpdown IROTC with diffusion pump to 107 -torr.
This usually required three to four hours,

2. Cooldown LNy liner and allow to soak over night.
Pressure would fall to 10-8-torr range,

3. Cooldown of sample for at least one-half hour.

4, Record background IR spectrum with the inter-
ferometer and store in NOVA memory. Make
all necessary adjustments to interferometer
system, such as a baseline scan,

5. Slowly open variable leak valve until inlet pres-
gure was near 500 mtorr and He-Ne interference
patterns started., The diffusion pump is still
pumping on IROTC. Continue growth until first
He-Ne minimum is observed; then close variable
leak valve.

6. Record IR spectrum transmitted through thin film
plus germanium window,

7. Repeat Steps 5 and 6 until a sufficient number of
thicknesses have been grown and IR spectra
recorded,

Of the five gases studied, 20°K NHg and 20 and 80°K COg did not
produce clear thin films but rather a milky-cloudy-type film as seen
in visible light, However, the filmgs in all cases are believed to be
uniform in thickness across the IR beam portion of the germanium
window as is manifested by the IR interference pattern or 'channel
spectrum'' in the transmission spectra, For thin films that were
clear, the visible hue attributable to the visible channel spectrum
was easily observed with the chamber lighting during early stages
of deposition, but photographs did not show the color display. A
cloudy COg deposit (80°K) roughly 5.0 um thick was photographed
and is shown in Fig. 28, The CO9 appears to completely mask the
germanium window; however, IR transmission data indicate that
attenuation in the form of scattering is essentially zero since the
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amplitude of the IR interference pattern is the same as that of a clear
thin deposit. It is for this reason that the absorption coefficient
employed in the theoretical model of Section 5.0 is a true absorption
and not an extinction coefficient,

The transmission spectra for all the solid gases studied have two
characteristics in common, that is, they all have absorption band
structure caused by the fundamental absorption modes of the molecules
and they all have the interference pattern attributable to the thin-film
structure, The abgolute level of transmission varies between that of
the base substrate (48 percent) and a maximum of near 60 percent,
depending on the optical constants of the solid gas film. In most cases
the real refractive index of the film is near 1,40 so that the film tends
to act as an antireflection coating. Thus except for the absorption band
features the transmission always increases, above the substrate trans-
mission, because of the cryodeposit. '

There were a few observables in regard to deposition worth noting.
The first, and most important, is a circumstance noted during CO9
deposition on 80°K germanium, Since the CO2 film was usually milky
it was thought that if the leak valve was opened very slowly, the equi-
librium vapor pressure would be reached gradually and the early stages
of condensation at a very slow growth rate might lead to COg deposits
that were clear. When this was tried it was discovered that the LLNg
liner, as well as the germanium holder, was cryopumping the COgy
at an equilibrium vapor pressure well below that necessary to realize
condensation on the germanium, As stated previously in Section 4, 2
the window temperature cannot be measured and it is a fact that some
degree of temperature gradient exists between the center of the ger-
manium window, a semiconductor, and the aluminum holder. Thus
if the window center were 5°K higher in temperature than the 80°K
holder, the equilibrium vapor pressure for COg for the window would
be 7 x 10~7 torr and the holder equilibrium vapor pressure for CO2
would be 8 x 1078 torr (see Fig. 27). Therefore, if the mass flow
rate of CO9 into the cell were very small, the partial pressure of
the CO9 would be nearly that corresponding to the 80°K equilibrium
vapor pressure and no condensation could take place on the 85°K
germanium window, This circumstance occurred solely because
transmission measurements are being made in the IROTC and
the window must be mounted and cooled around its periphery. In
most previous investigations reflectance was the quantity meas-
ured, Thus, the sample was heat sunk along its back side as well
ags its periphery and if a temperature gradient existed across the
substrate it was a very small one. In such a case the sample hasg
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just as low a temperature as any other cooled material and condensa-
tion takes place on the sample as well as any other place, In short,
for low mass addition rates, condensation will take place only at the
coldest locations, and a 5°K differential can easily cause deposition
only at the coldest location, For the IROTC the mass flow rate into
the cell had to be large enough so that the local partial pressure at
the germanium window was equal to or greater than the equilibrium
vapor pressure of CO9 at the window temperature, This usually
occurred when the MKS Baratron indicated an inlet pressure be-
tween 300 and 500 ym Hg. This same phenomenon of cryopump-

ing (or condensation) only at the lowest temperature locations

was also often observed on the LLNg liner. The liner was formed
from fins welded in spots to tubing containing the cryogen, and thus
cryopumping was only seen (the thin-film channel spectrum could be
seen with the chamber lights) where the fins were welded to the tub-
ing., This phenomenon is a result of the equilibrium vapor pressure
being a logarithmic function of the temperature., As was noted above
for a 5°K change in temperature, the equilibrium vapor pressure
differential is nearly an order of magnitude, What this immediately
suggests is that if one desires to avoid deposition on a sensor mirror
for example, the mirror could be kept slightly warmer than the
surrounding structure. A 5°K differential would seem to be adequate
and would not be detrimental from a radiometric emission standpoint.
Since CO9 was the only gas studied in this respect, it is clear that
much more research effort is warranted in this area, The same
applies to migration of cryodeposits from "warm'' spots to colder
locations.

The second phenomenon observed during deposition was the effect
on disposition rate of background pressure, Normally the IROTC
background pressure was in the 10-7-torr range during deposition
since the diffusion pump was open to the IROTC and pumped out non-
condensables. On several occasions the diffusion was valved off and
the IROTC background pressure slowly rose to the 10-5-torr range,
The He-Ne laser pattern indicated that deposition rate was slowing
down even though the inlet pressure was constant. An explanation
was the decrease in the mean free path for the condensable gas as
the background pressure rose, which permitted fewer molecules to
leave the free-jet expansion and reach the germanium before they
were deflected to the LN9g liner and captured. When the diffusion
pump was opened to the IROTC the background pressure fell to 10-7
torr and the period of the He-Ne pattern decreased, indicating
faster deposition, Based on these results it seems that a helium
(noncondensable) flush immediately in front of the mirror could be
used to prevent condensable species from cryopumping on mirrors.
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4.3.1 80 and 20°K NH;

The IR transmission spectra of 80 to 20°K solid NHg3 for various
thicknesses is shown in Figs. 29a through w and Figs. 30a through k,
respectively. In each figure parameters are given concerning thick-
ness, pressure, growth rate, spectral resolution, and temperature.
The wavenumbers range from 3,700 cm™1 (2.703 um) to 450 em™!
(22,2 um). Below 450 cm~1 the signal was too low to be useful
because of the absorption by the germanium substrate, and above
3,700 cm™! the noise level was high because of a shortage in energy
from the source. This wavenumber range applies to all of the IR
spectra in this section. Where a ''(+)" appears on a thickness value
this implies that the deposition was not exactly valved off when the
He-Ne interference pattern reached a minimum; thus the thickness
value given is low by an amount between 1 and 5 percent.

Infrared spectra of solid NH3 has been reported by Staats and
Morgan (Ref. 17) and Reding and Hornig (Ref. 18). The crystalline
structure of solid NHg has been investigated by F. A. Mauer, et al.,
at the National Bureau of Standards. The notes on their research on
noncubic NH3 are given in Appendix C, Solid NH3 apparently can
exist in four distinct phases: (1) the common cubic phase obtained by
deposition above 140°K, (2) a metastable I (MI) phase, (3) a metastable
IT (MII) phase, and (4) an amorphous phase obtained by deposition below
40°K, The formation of the MI phase, for this study, was always
obtained by deposition at 80°K, and the MII phase was obtained by warm-
ing the amorphous phase to near 100°K. The IR spectra of MI, amor-
phous, and MII are shown, respectively, in Figs. 29i and 30j and k.

A cubic NHj3 film could not be obtained in the IROTC since a film tem-
perature of 140°K or above is required. For such a high temperature
the NHg would have evaporated from the substrate and cryopumped

on the LN9 liner. The conditions of deposition for each phase are not
completely consistent with those of Refs. 17 and 18; thus the MI and
MII phases are assigned based on the doublet feature near 1,075 em™1
which is agsigned to the MII phase in Ref, 17, Arnold et al, (Ref. 2)
have also observed the 1,075-cm=~1 doublet for deposition temperatures
of 55, 57, and 58°K; however, they do not discuss the associated phase
of these solid NHg deposits. Table 6 summarizes the molecular band
center wavenumbers for each phase. It should also be noted that the
absolute transmission level for the MII phase NH3 dropped some three
percent since the phase transition caused crystallization and some
level of scattering is no doubt present.

34



AEDC-TR-77-71

4.3.2 80 and 20°K CO,

Transmission spectra of 80 and 20°K COg9 are shown in Figs. 31
through 35, Only four thicknesses of 20°K COg9 were recorded since
there seemed to be little difference between the 80 and 20°K COg.
Figures 35a and b show data taken during warmup of the 20°K thin
film. The vibrational modes of 12C02 and 13CO2 have been identi-
fied in Fig. 31b. As was noted previously, the COg films were all
of a cloudy nature and no deposition combination could be found for
producing clear films,

The refractive index value for 20°K CO9 at 0,6328 um was taken
to be 1,42, the same as for 80°K COy9g since an attempt to measure it
in situ failed. This may lead to an error in the thickness values of
up to 20 percent.

There is one noticeable difference between the 80 and 20°K spec-
tra for the vy band at 655 ecm-!l, The 660 cm™! band in the 20°K COy
is much broader than for the 80°K COg: 2 cm~1 as compared to 0.75
cm~l, Further, if the thickness values for the 20°K COg are correct
the line center absorption strength of the 20°K COg9 vibrational bands
are considerably less than the 80°K COq (the same is true for the
13(302 bands).

In comparing the CO9 spectra with those given in Ref. 2 a number
of differences are obvious. For the 655 cm~! y9 band the IROTC data
show no features at 656 and 680 cm~1, Further, the 13COq line at
638 is not nearly as strong for the IROTC data, indicating a lesser
concentration of isotope COg (see Fig. 32a). For the v3 band struc-
ture (Fig. 32b) the feature near 2,370 cm~1 was not observed and
the lattice absorption at 2,382 cm~1 was not seen in either the 80 or
20°K CO9 IROTC data, even though the minimum at 2,460 cm-1
caused by a lattice combination band is present. This paradox has
not been explained.

Fipally it is evident that thicknesses of solid COg less than
1,000 A could easily be detected by identifying the strong v2 and v3
bands. Also, there seems to be only one phase, cubic, of CO9
since no large differences in 20, 50, 80, 100°K COg9 spectra were
observed.
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4.3.3 20°K CO

Transmission spectra of 20°K CO is shown in Figs, 36 through 38,
The main absorption feature is the fundamental stretching mode of CO
at 2,138 cm~1. Other features are attributed to CO9 (2,347 cm™1)
and isotopes of CO (2,090 cm~1) (Ref. 19). The absorption at 2,095
cm~1l is not identified, whereas the broad absorption feature at 2,210
cm-1 is thought to be a lattice combination band similar to the 2, 460
cm™! band in solid CO9. The thickness values shown are based on
ann =1,22 at 0,6328 um. Only one other comparison is available
for solid CO, Ref, 20, wheren = 1,237 at 0,6328 um and T = 31°K
(alson =1,277 at 0.6328 um and T = 20°K). The errors for these
refractive index values are unknown; thus the thickness could not be
determined. For this reason ''max'' and "min" values are given in
Table 5 for the He-Ne interference pattern,

In Fig. 38 the 20°K CO was allowed to warm up to 40°K and then
was recooled to 20°K before the transmission was recorded, No
apparent changes occurred in the spectrum, and therefore no phase
change seemed to have taken place. The 2, 138-cm™1 CO band has
been investigated recently by Jiang, et al, (Ref. 21) in the 30 to
70°K range, They found that the absorption band occurred at 2,138
cm-1 also. The thickness of the film in Fig. 38 was estimated by
usingn =1,35+ 0.05 atv =1,000 cm~! from Ref, 21 and the sepa-
ration of the channel spectrum maxima in the 1,000-cm™! region,
Also, as noted in Fig, 38 the amplitude of the channel spectrum is
decreasing toward the higher wavenumbers. This could be attribu-
table to a large value of the CO refractive index, but more likely
it was caused by scattering since the film was rather thick,

" 4.3.4 20°K CH,

The transmission of 20°K CHy is shown in Figs. 39a through x
for a number of different film thicknesses. The measured refrac-
tive index at 0, 6328 um is 1.38 £ 0.02, which compares favorably
with the value of 1,30 + 0,01 (T = 91°K) from Ref. 9 (A = 0, 5893 um),
The two fundamental absorption modes are indicated in Fig. 39c,
i.e., vg(CHy = 3,009 cm-1 and v4(CHy) = 1,300 cm™! as compared
to the gas, vg(CHy gas) = 3020, 3 um and v4(CHy gas) = 1306.2 um
(Ref, 22), Further, the 2v4 (2,591 cm~1) and the vg + vy (2,813
cm™1) are seen in the thicker film deposits (Fig. 390 for example)
and again a lattice combination band is evident near 3,050 cm=-1,
The most interesting results for solid CHy occurred during the
warming of the film as shown in Figs. 39v and w.
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As seen in visible light, the CHy definitely passed into a different
phase during warmup. All of the absorption features became much
broader as compared to the 20°K CHy spectra. This is just the opposite
effect to that for NH3, That is, the 20°K NH3 (amorphous) spectra had
broad absorptions, and a phase transition caused the bands to narrow
and also strengthen. This opposite phenomenon for solid CH4 has not
been explained as yet and clearly exemplifies the need to complete the
electron diffraction system on the IROTC so that phases can be identi-
fied. As shown in Fig, 39w, the widths of the CH4 bands continued to
increase as the temperature rose, indicating an annealing effect or
temperature dependence,

4.3.5 20°K HCI and Air

These two solid gases were examined only in a qualitative manner,
The scans are shown in Figs, 40, 41, and 42, The absorption by
gaseous HCI is compared to solid HCl in Fig. 41 to exemplify the great
difference between the two phases,

5.0 OPTICAL CONSTANTS OF CONDENSED GASES

With the data obtained from the interferometer the complex refrac-
tive index (n = n - ik) was computed for NH3 on 80°K and 20°K germa-
nium. The measurement of the transmission of contaminated cooled
optics is important to determine the behavior of the throughput of
optical components. However, it is also important to have the capa-
bility to compute the anticipated behavior when designing an optical
system. To compute the effect of thin contamination films as a func-
tion of film thickness and wavelength, it is necessary to have avail-
able the contaminant optical constants (n, k). From the transmission
data recorded at various thicknesses and the least squares technique
used in conjunction with an analytical transmission model, the optical
constants were obtained. The analytical model is based on the work
in Ref. 23. The contamination film was modeled as a thin partially
transmitting film deposited on a thick partially transmitting sub-
strate. In the thin film the light waves were considered to be phase
coherent, but in the thick substrate the light waves were assumed
to be phase incoherent, In using the analytical model it is necessary
to know the optical properties (ng, kg) of the germanium substrate.
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In the range from 2 to 13.5 um the germanium was assumed to have
ks = 0 with the real refractive index given, from Ref. 3, by

n, = AL+ BlL 4 ClL2 ¢ D2 . ELM (12)

where

L = A%~ 0.028)!

Al = 3.99931
B! = 0.391707
cl = 0.163492
D! = - 0.000006

£l = 0.000000053

To determine the optical properties it was necessary to derive an
analytical model of the transmittance of a thin film deposited upon a
thick, partially transmitting substrate, The geometry describing the
transmittance is shown in Fig. 43. The derivation of the analytical
expression for the transmittance is based upon the expressions in
Ref, 23, For convenience the different layers have been numbered
with subscripts 0, 1, 2, and 3, where subscripts 0 and 3 are vacuum
conditions and subscripts 1 and 2 are the thin contamination film and
the thick germanium substrate, respectively, Also the relative thick-
ness of media 1 to media 2 is exaggerated for illustration purposes.
Since all of the data obtained were for normal incidence, the analytical
model will be derived for '"normal incidence only'; however, the
analysis can easily be extended to light incident at any angle. In Fig,
43 Eg represents the incident radiation and the series of waves shown
in media 1 are phase coherent for each packet and represent an in-
finite number of reflections back and forth. The resultant amplitude
that transmits through the top interface is designated by Bl for the
first packet, B2 for the second packet, etc.; the resultant amplitude
that transmits into the substrate (media 2) is designated by E§' for
the first packet, A2 for the second packet, A4 for the third packet,
etc. Because the substrate behaves as a thick film the waves Eg,

A2, A4, A6, etc. are not phase coherent; similarly, Al, A3, A5, etc.
are not phase coherent; likewise C1, C2, C3, etc., are not phase
coherent; and finally, B1, B2, B3, etc. are not phase coherent,

38



AEDC-TR-77-71

The relationships between the amplitudes of the various waves shown

in Fig, 43 are the following:

+
By = th0Ed
A2 = Al 91
Ad = A3 910
A6 = A5 910
with
A5 = A4 1‘2
with
Cl = tzEE
C2 = ty A2
C3 =t A4
and with
BL = v, E}
B2 = Al
B3 = A3 t910
B4 - _A5 ta1g
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where to designates the amplitude transmission of light traveling from
medium 2 to medium 3; where ro designates the amplitude reflection of
light incident upon medium 3 from medium 2; where rg;9 designates

the amplitude reflection of light which is incident from medium 0 and is
reflected back into medium 0 after undergoing thin-film interference in
medium 1; where ro1g designates the amplitude reflection of light which
is incident from medium 2 and is reflected back into medium 2 after
undergoing thin-film interference in medium 1; where {519 designates
the amplitude transmission of light incident from medium 0 and trans-
mitted into medium 2 after undergoing thin-film interference in medium
1; and where t910 designates the amplitude transmission of light incident
from medium 2 and transmitted into medium 0 after undergoing thin-
film interference in medium 1,

The power transmitted through the thin-film, thick-film combina-
tion is given by

&= ng|Cl2 + ny|C2% + ny|C32 4 ..., (17)
where n3 = n, since medium 3 and medium 0 are both considered as
vacuum and with the constant ¢/4r (c being the speed of light in
vacuum) being omitted for convenience since this constant will be lost

when dividing to determine the overall transmittance,

Substituting Eq. (15) into Eq. (17) yields the transmitted power
as

N T Y L P BT
Next, combining Eqgs. (13) and (14) yields |
\AZ‘Z = ];{,‘ZRQIO}E—Q2
|A4)2 = R2RZ,|EL® (19)
|A6|% = RRY)|E3|?
where
Ry = |ry|? (20)

Ry1g = Irgpol® (21)
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Ty = |ty (22)

Inserting Eqs. (19-22) into Eq. (18) results in the transmitted power
being given by

252 353
& = n Ty|E}|2[1 + RyRgpg + RgR3yy + RyRypp + - -] (23)

where the infinite sum converges to a closed form expression, hence
giving

+12

n, ol Bl (24)

1 - RoRgpg

The transmittance is defined as the transmitted power divided by
the incident power. The incident power is given by

£, = n|EE|? (25)

and the expression for the overall transmittance is obtained by
ratioing Eq. (24) to Eq. (25), i.e.,
T E+l2
T - f_g _ 2l By g (26)
o [1-RyRyjol[EY

but from Eq. (13)
Pk )
B2 lto12l™ = To1g (27)
o]

with the final result for the overall normal transmittance given by

 TaTore
[ = RyRyg) (28)

The result in Eq. (28) is valid only when the substrate is a nonabsorb-
ing medium, If the substrate is also absorbing, i.e., the imaginary
part of the complex refractive index of the substrate is nonzero, then
Eq. (28) becomes

-a. D
T2T012 e 8

T =
-2a D
1 - RyRgp e ® (29)
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where
D = the thickness of the substrate (germanium)
4 k .
a, = % is the absorption coefficient of the substrate (germanium)
k = imaginary component of complex refractive index of the substrate
8 (germanium)
A = wavelength in vacuum

Having derived Eq. (29), which is the normal transmittance of a thin
film deposited upon a thick partially transmitting film, it is now neces-
sary to define the expressions Tg, Tp12, Rg, and Rgqyg in terms of the
optical constants of the thin film, the substrate, and wavelength, The
derivation of these quantities is straightforward, although tedious, and
is outlined in detail in Ref. 23, For convenience, the expressions
required to evaluate Eq. (29) are listed below (with the detailed deriva-
tion given in Ref, 23):

ANE:
Ry = |f212 = <_n——2 O) (30)
\I'9 + 1,
2% 2
Ty = |t 2 _ _._._2___
2 = |ty t(no . ) (31)

The expressions for Tg19 and R210 are somewhat more compli-
cated to evaluate and will be considered separate from Rg and T2,
The expressions for T(19 and R210 based on the work of Ref, 23 are
given by

2 2 -2b
“a‘ ltbl €

To1g = (32)

[1 + lra‘2|rb12 e-4‘b + 2e-2b{Re(rarb) cos 2a + Im(rarb) sin 2al]

and

[ra® + Jrpl® e 4 2622 {Re(r®) cos 2a + Im(r,r®) sin 2a] (33)

210 & [1 + [ra|2|rb|2 e-4b 4 2e‘2b{Re(rarb) cos 2a + Im(rarb) sin 2al]
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where
T, -
. S
@ ny + n (34)
ny — n
S (35)
Dl + HO
-
S (36)
npot o0y
. 2n (37)
b =
n + Ill
T, =0 - ikp =0 - ik =7 (38)
my = ng ~ ik (39)
- 277d1n1 (40)
T
B A
d; = cryodeposit thickness (42)

and * denotes the complex conjugate,

For determining ny =n and k1 = k for NH3 on 80°K germanium, 16
of the 23 film thicknesses were used in a least squares determination of
the optical constants of NH3, The quality of the agreement of the data
with the analytical model, Eqgs. (29-42), is shown in Figs, 44a through
ee., These figures show excellent agreement between theory and data
for all the various regions between 2,7 and 15,873 um. ZEven in the
absorption bands there was no ambiguity in determining a unique value
of n and k; in the strong absorption band at A =9, 346 um (Fig. 44p)
the theory and data are still in excellent agreement. Figures 44a
through ee are included to demonstrate the agreement for a sampling
of other wavelengths, The values of n and k for NHg on 80°K germa-
nium are plotted in Figs. 45a and b and are also shown tabulated in
Table 7, The strong peak values of k are seen to appear in the
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absorption bands and the anomalous dispersion of n is also seen to
occur in the absorption bands. The results shown in Figs., 45a and b
are shown to be in good agreement with the results from Ref. 24 which
considered NHj at 188°K. However, the maximum and minimum
values of n in the absorption bands are seen to be higher and lower,
respectively, than the results in Ref, 24. Also in Table 7, if the
value of k was less than 10~8 then the value of k was assumed to be
equal to 10'6; values of k < 10-6 appear to no longer affect the trans-
mission in the analytical model,

In the determination of n and k for NH3 on 20°K germanium, only
10 film thicknesses of data were recorded and these were used in the
least squares determination of the optical constants of 20°K NHg.
Again to show the agreement between theory and data for a range of
wavelengths, Figs. 46a through pp are supplied. These figures again
show the good agreement between theory and data. The only regions
where the results did not appear to be unique were for a few points
ingide the long wavelength absorption band and for wavelengths greater
than 14, 286 um. However, the non-uniqueness only occurred for n
and not for k, The least squares program converged on the same k
values, but a range of n values appeared to yield equally good results.
Inside the absorption band the curve in Fig., 47a was smoothed to match
the unique values of n., It is believed that this non-uniqueness resulted
because only 10 thicknesses were available for use in the least squares
technique. The problem also only occurred at the long wavelengths;
in the short wavelength absorption band there were no ambiguities
encountered, It is believed that if 16 thicknesses of data had been
available as in the 80°K case no ambiguities would have resulted in
the long wavelength absorption band. The long wavelengths require
more data to determine n and k gince the period of thin-film inter-
ference is longer and requires more data to describe the interference,
Hence more data at larger thicknesses are needed to converge upon a
unique value of n and k. It should be noted that only a few of the data
points (n) in the long wavelength absorption band are not unique and
that Fig. 47a is believed to be an accurate representation, The
results in Figs. 46j through s show the good agreement between theory
and data within the long wavelength absorption band, The values of
n and k for NHg on 20°K germanium are shown in Figs, 47a and b and
in Table 8, It is recommended that for determining n and k from
this technique that at least 16 values of thickness should be employed
and that larger thickness values should be employed to adequately
describe the long wavelength thin-film interference. Also, it should
be noticed that all of the k values were of the same order of magni-
tude (~ 10-2) as opposed to some of the 80°K data having very small
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k values (< (10-6), Because of the uncertainty in thickness and the few
number of filmgs available a total error of 10 percent should be associ-
ated with the 20°K NH3 n's and 30 percent with the 20°K NH3 k's,

Because of the popularity and simplicity of employing the Kramers-
Kronig relations between n and k, this relationship was used in com-
parison with the least squares determination of n and k., The Kramers-
Kronig relation is given by

o g klo”)dv’

PJ L2 2 (43)

g — 0

n = n_ +
=)

J o

where n, is the index of refraction at frequencies well above the infra-
red (in this case at A = 0,6328 u; n, = 1.42) and p means the Cauchy
principal value of the integral. The integral was evaluated by the
simple trapezoidal rule, The k(o) values used in Eq. (43) are those
listed in Tables 7 and 8, Shown in Figs. 45 and 47 is a comparison
between the least squares and Kramers-Dronig determination of n.
The 80°K data are in excellent agreement between the two techniques,
whereas the 20°K agreement is not as good, The Kramers-Kronig
results are only shown for comparison purposes; the least. squares
determination of n and k is believed to be accurate as is borne out

by the agreement between theory and data,

6.0 CONCLUSIONS AND SUMMARY

The conclusions reached from this investigation are summarized
as follows:

1. An IR optical transmission chamber was developed to
provide the capability of measuring the spectral trans-
mission by cryogenically cooled (20 and 80°K) optical
materials, both with and without cryodeposit contamina-
tion,

2. The following condensed gases were studied: NH3z, COg,
CO, CHy, HCL, and air. Measurements were made over
a range of deposition conditions and cryodeposit thick-
nesses. Real and imaginary components of the index
of refraction of NH3 at 20 and 80°K were determined
using a least squares technique in conjunction with an
analytical model.
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3. An analytic model for the transmission of a thin film cryo-
deposit on a thick IR transmitting substrate was derived
and demonstrated to be in excellent agreement with the
experimental data.

4, A rapid-scan Michelson interferometer was successfully
interfaced with a cryogenic cell to provide an excellent
and flexible facility for IR spectral measurements on
condensed gases and optical materials at cryogenic
temperatures, The speed and throughput advantages of
the interferometer proved to be valuable assets in the
study of cryodeposits where measurement time is always
limited.

5. The transmittance of polystyrene at 20 and 80°K was
measured, Results indicate no shift (minimum detectable
shift about 0.5 cm~1 in this study) in the location of the
polystyrene absorption bands over the temperature range
from 20 to 300°C, Hence, polystyrene is suitable for
reliable wavelength calibration of instruments in space
simulation chambers at cryogenic temperatures.

REFERENCES

1. Hudson, R. D. Infrared System Engineering. John Wiley &
Sons, New York, 1969,

2. Arnold, F., Sanderson, R. B., Mantz, A. W., and Thompson,
S. B. '"Infrared Spectral Reflectance of Plume Species on
Cooled Low Scatter Mirrors.'" AFRPL-TR-73-52, Wright-
Patterson Air Force Base, Dayton, Ohio.

3. Herzberger, M. and Salzberg, C. D. '"Refractive Indices of
Infrared Optical Materials and Color Correction of Infrared
Lenses.'' Journal of the Optical Society of America, Vol.
52, No. 4, April 1962, pp. 420-426.

4. Vasicek, A. Optics of Thin Films. North-Holland Publishing
Company, Amsterdam, 1960,

5. Mielenz, K. D., Eckerle, K. L., Madden, R. P., and Reader,
J. '""New Reference Spectrophotometer.'' Applied Optics,
Vol. 12, No. 7, July 1973, pp. 1630-1641,

46



10.

11,

12,

13.

14.

15.

16.

AEDC-TR-77-71

Speranskaya, N. I., Berdnikov, N. B., and Furtova, A. Z.
"High-Accuracy Measurements of Spectral Transmittance. "
Optical Technology, Vol. 40, No. 3, March 1973, pp. 145-

147,
Kizer, K. L. and Scott, M. W. "Semiconductor Impurity
Measurements.' Research/Development Magazine,

December 1974, pp. 20-24.

Seiber, B. A., Smith, A. M., Wood, B. E., and Miuller, P. R.
"Retractive Indices and Densities of HgO and COg Films
Condensed on Cryogenic Surfaces. "' Applied Optics, Vol. 10,
No. 9, September 1971, pp. 2086-2089.

Marcoux, J. E. '"Indices of Refraction of Some Gases in the
Liquid and Solid State.' Journal of the Optical Society of
America, Vol. 59, No. 8, August 1969, pp. 998.

Randall, C. M. and Rawcliffe, R. D. '"Refractive Indices of
Germanium, Silicon, and Fused Quartz in the Far Infrared.'
Applied Optics, Vol. 6, No. 11, November 1967, pp. 1889-
1895,

Plyler, E. K. and Peters, C. W. ''Wavelengths for Calibration
of Prism Spectrometers.'' Journal of the National Bureau
of Standards, Vol. 45, No. 6, December 1950.

Plyler, E. K., Blaine, L. R., Nowark, M. ''Reference
Wavelengths for Calibrating Prism Spectrometers.' Journal
of Research of the National Bureau of Standards, Vol. 58,
No. 4, April 1957, pp. 195-200.

Hannah, R. W. and Farnum, R. J. ''Polystyrene as an Infrared
Standard.'" Perkin-Elmer Infrared Applications Study 12,
Order No. IRAS-12, May 1973.

Linsteadt, G. F. and Leet, H. P. '"The Infrared Transmission
of Cooled Optical Materials.'' Proceedings of the IRIS, 6,
No. 3, 1961.

Anon. '"'"Tables of Wavenumbers for the Calibration of Infrared
Spectrometers.' Pure and Applied Chemistry, Vol. 1,
No. 4, 1960, pp. 537.

Honig, R. E. and Hook, H. O. 'Vapor Pressure Data for Some
Common Gases.'' RCA Review, Vol. 21, No. 3, September
1960,

47



AEDC-TR-77-71

17,
18.
19.
20,
21,
22,

23.

24.

Staats, P. A. and Morgan, H. W. 'Infrared Spectra of Solid
Ammonia.'" Journal of Chemical Physics, Vol. 31, No. 2
August 1959, pp. 553-554,

Reding, F. P. and Hornig, D. F. 'The Vibrational Spectra of
Molecules and Complex Ions in Crystals. V. Ammonia and
Deutero-Ammonia. ' Journal of Chemical Physics, Vol. 19,
No. 5, May 1951, pp. 594-601.

Houghton, J. T. and Smith, S. D. Infrared Physics. Clarendon
Press, Oxford, 1966, p. 77.

Arnold, F. ''Degradation of Low Scatter Metal Mirrors.'" AEDC-
TR-75-128 (AD-B007022L), October 1975,

Jaing, G. J., Person, W. B., and Brown, K. G. ''Absolute
Infrared Intensities and Band Shapes in Pure Solid CO and
CO in Some Solid Matrices.' Journal of Chemical Physics,
Vol. 62, No. 4, February 1975, pp. 1201-1211,

Herzberg, G. Infrared and Raman Spectra of Polyatomic
Molecules. D. Van Nostrand Company, Inc., Princeton,
New Jersey, 1954.

Heavens, O. S. Optical Properties of Thin Solid Films. Aca-
demic Press, New York, 1955,

Robertson, C. W., Downing, H. D., Curnutte, B., and Williams,
W. "Optical Constants of Solid Ammonia in the Infrared."
Journal of the Optical Society of America, Vol. 65, No. 4,
April 1975, pp. 432-435,

48



(614

I0 is monochromatic

3 _3020: normal incidence beam
e 1 of wavelength A.

Energy Transmitted = T
T=1 e—azD [1 + pze—2a2D+ 949-40!2D+ ]
'(IzD

—2czD= -2
1-p2 020 ,2,7280D

-09D
1-_t% 2 _a-p?e

Figure 1. Analytical model for transmission through a plane-paraliel slab.
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Figure 13. Photograph

of FTS-14 interferometer-spectrometer.
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Figure 18. Transmission of 300°K germanium window measured with PE-99 and 'FTS-;I4.
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